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Abstract
Mitogen- and stress-activated protein kinase 1 (MSK1) is a growth factor-stimulated serine/threonine
kinase that is involved in gene transcription regulation and proinflammatory cytokine stimulation.
MSK1 is a dual kinase possessing two non-identical protein kinase domains in one polypeptide. We
present the active conformation of the crystal structures of its C-terminal kinase domain (CTD) in
apo form and complexed with a non-hydrolyzable ATP analogue at 2.0 Å and 2.5 Å resolution,
respectively. Structural analysis revealed substantial differences in the contacts formed by the C-
terminal helix, which is responsible for the inactivity of other autoinhibited kinases. In CTD MSK1,
the C-terminal αL-helix is located in the surface groove, but forms no hydrogen bonding with the
substrate-binding loop or nearby helices, and does not interfere with the protein's
autophosphorylation activity. Mutational analysis confirmed that the αL-helix is inherently non-
autoinhibitory. Overexpression of the single C-terminal kinase domain in JB6 cells resulted in tumor
promoter-induced neoplastic transformation in a manner similar to that induced by the full length
MSK1 protein. The overall results suggest that the CTD MSK1 is regulated by a novel, αL-helix-
independent mechanism, suggesting that a diverse mechanism of autoinhibition and activation might
be adopted by members of closely related protein kinase family.
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Introduction
Mitogen- and stress-activated protein kinase 1 (MSK1) is a serine/threonine kinase that is
activated by growth factors, mitogens, proinflammatory cytokines and stress. MSKs are
involved in the regulation of transcription downstream of mitogen-activated protein (MAP)
kinases. 1,2 They phosphorylate a number of proteins, including histone H3 3-5, cAMP-
response-element-binding protein 6, activating transcription factor 7, nuclear factor-κB 8,
transcription factor ER81 9 and chromatin-associated high-mobility group 14 proteins 10.
MSKs are involved in the transcriptional induction of immediate-early genes c-fos and
Nur77 11-13 and play an important role in stimulating the production of anti-inflammatory
cytokines 14. MSKs are attractive targets for the treatment of chronic inflammatory diseases
15. MSK1 is required for tumor promoter-induced neoplastic cell transformation 16.

MSK1 belongs to the p90 ribosomal S6 kinase (RSK) protein family. Members of this family
have a similar architecture – a single polypeptide with two distinct protein kinase domains
connected by a hydrophobic linker region (Fig. 1a). The N-terminal kinase domain of MSK1
(NTD MSK1) is responsible for phosphorylation of a variety of substrates. The C-terminal
kinase domain of MSK1 (CTD MSK1) is an important regulatory domain that is activated by
extracellular signal-regulated kinases (ERKs) and p38 mitogen-activated protein (MAP) kinase
in response to various cellular stimuli. The complete activation of full length MSK1 is
controlled by multiple phosphorylation sites 17,18, which is initiated through the stimulation
of its C-terminal kinase domain. The CTD MSK1 is activated by phosphorylation of Thr581
in its T-activation loop by ERKs/or p38. The activated CTD is believed to subsequently
phosphorylate Ser376 and Ser381 in the hydrophobic linker region and Ser212 in the T-loop
of the NTD MSK1 leading to complete activation of the full length MSK1 protein (Fig. 1a).

As indicated earlier, the C-terminal and N-terminal domains of MSK1 are structurally distinct
kinases. The NTD MSK1 belongs to the AGC kinase family that is characterized by a kinase
domain followed by a hydrophobic motif region with phosphorylation sites. The crystal
structure of the NTD MSK1 is available 19, whereas the single CTD MSK1 and the full length
MSK1 protein structures have not yet been solved. The crystal structure of the C-terminal
kinase domain of the related p90 ribosomal S6 kinase 2 (CTD RSK2) was recently determined
20 and showed a scaffold similarity with the MAP kinase-activated protein kinase 2 (MK2).
MK2 is a serine/threonine kinase that is activated by p38 MAP kinase in response to cellular
stress 21-23. MK2 is exclusively activated by p38 and the CTD RSK2 is activated by ERK1/2.
Notably, the CTD MSK1 is activated by either p38 or ERK1/2. Phylogenetically, the CTD
MSK1 is related to MK2 and these proteins share 35% sequence homology 24,25. MSK1, a
dual kinase domain protein, and MK2, a single kinase-domain protein, each have a MAP kinase
docking site and a putative bipartite nuclear localization signal at the C-terminus. The MK2
structure has been reported in an inactive 26 and active conformation in complex with ADP
27 and inhibitors 28,29.

Our study describes the crystal structure of the isolated active CTD MSK1 (residues 414-738)
in apo form and in complex with the non-hydrolyzable ATP analogue, AMP-PNP. We showed
that, despite an overall similarity with RSK2, the CTD MSK1 is unexpectedly not autoinhibited
by the C-terminal helix. Furthermore, the CTD MSK1 undergoes active autophosphorylation
in vitro and induces neoplastic cell transformation ex vivo. The intrinsic non-autoinhibitory C-
terminal αL-helix feature suggests that the CTD MSK1 is stimulated by an αL-helix-
independent activation mechanism. In addition to structure elucidation, our data indicate that
the extreme C-terminal end, which encompasses the MAP kinase-docking site, might regulate
CTD MSK1 activity.
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Results
Crystal structure of the CTD MSK1

The crystal structures of several CTD MSK1 fragments were determined and the best
diffraction data were obtained for the construct comprising residues 414-738. The refined
crystal structures included the CTD MSK (residues 415-729), in apo form and in complex with
the non-hydrolyzable ATP analogue, AMP-PNP, determined at 2.0 Å and 2.5 Å resolution,
respectively. The data collection and refinement statistics are presented in Table 1. Results
indicated that the CTD MSK1 adopts a classical kinase bilobal scaffold with the AMP-PNP
molecule bound to a glycine-rich loop (Fig. 1b). The C-terminal segment (residues 700-729)
extends from the putative kinase domain and adopts a helix-turn-helix conformation. The short
αK-helix (residues 700-705) and the longer αL-helix (residues 709-729) are located within
deep grooves on the surface (Fig. 1b and 1c). The asymmetric unit contains two highly similar
and well-ordered molecules (Supplementary Figure S1). Size exclusion chromatography
indicated that, in solution, the protein used for crystallization was monomeric. The observed
dimerization was likely driven by increasing protein concentration during crystallization.

The overall kinase scaffold of the CTD MSK1 resembles that of the autoinhibited CTD RSK2
with an r.m.s.d. of 1.48 Å for the 250 corresponding Cα atoms (Fig. 2a). The most structurally
divergent region between both proteins resides in the large α-helical C-lobe. Unlike the CTD
RSK2, which has a coil, the CTD MSK1 possesses an additional short αK-helix immediately
preceding the C-terminal αL-helix. The T-activation loop (residues 575-596) of CTD MSK1
is disordered and not visible in the electron density map. However, the loop is likely to be
elongated compared to RSK2 because of the shorter αF-helix. The αF-helix of RSK2 is
unusually long, resulting in a shortening of the T-loop turned away from the catalytic cleft.

We superimposed the CTD MSK1 structure with the structures of MAP kinase-activated
protein kinase 2 (MK2) in the various available conformations (Fig. 2b and 2c). The
comparison of the CTD MSK1 with inactive MK2 (MK2i) showed substantial differences
especially in the phosphate-binding loop position. The CTD MSK1 structure superimposed on
the active MK2 structure (MK2a) exhibits definite differences in the position of some
secondary elements. However, similar to the active/inactive MK2, the C-terminal extension of
the CTD MSK1 adopts a helix-turn-helix conformation with the αK- and αL-helices embedded
in the kinase scaffold. We observed that the CTD MSK1 C-terminal αL-helix occupies the
same position in the surface groove as the corresponding helix of the autoinhibited CTD RSK2
and both the inactive/active MK2.

The isolated CTD MSK1 is active in vitro
To determine whether the recombinant CTD MSK1 is active, we performed a kinase assay
with [γ-32P] ATP and a customized peptide encompassing residues from the linker region as
substrate. As indicated earlier, the CTD MSK1 is believed to phosphorylate two serine residues
in the hydrophobic linker region and Ser212 in the T-activation loop of the N-terminal domain.
Our results indicated that neither the commercially available active full length MSK1 nor the
isolated CTD MSK1 could phosphorylate the peptide-linker region. However, the CTD MSK1
could autophosphorylate itself (data not shown). Therefore, to assess the autophosphorylation
activity of the CTD MSK1, we performed a Kinase-Glo® Luminescent Assay. This assay
measures kinase activity by quantifying the amount of ATP remaining in solution at the
completion of the kinase reaction. The CTD MSK1 protein underwent active
autophosphorylation as was measured by the decrease in Relative Luminescent Units (Fig. 3).
In contrast, the inactive CTD RSK2 neither autophosphorylated itself in solution nor bound
ATP in the crystals.
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The C-terminal αL-helix of the CTD MSK1 is inherently non-autoinhibitory
The C-terminal αL-helix of CTD MSK1 does not prevent ATP-binding in the crystals or protein
autokinase activity as was shown above. In order to determine why the CTD MSK1 is active,
we focused on the specific amino acid residues involved in the αL-helix interactions with the
kinase domain in the CTD MSK1, and then compared them with the autoinhibited CTD RSK2
and MK2 and the active MK2. In the inactive CTD RSK2, the Tyr707 residue located on the
C-terminal autoinhibitory αL-helix forms a single hydrogen bond with the Ser603 on the αF-
helix, and disruption of that contact by mutation of Tyr707 to alanine resulted in the activation
of RSK2 20,30,31. In the case of MSK1, the corresponding Tyr707RSK2 is replaced by Phe719,
which cannot form a hydrogen bond. Only the hydrophobic side chain of the MSK1 residue,
Phe722 that is located in the middle of the αL-helix, created a weak hydrophobic stacking
interaction (3.2 Å) with the aromatic ring of Trp606 on the αF-helix. Another important CTD
RSK2 residue, Lys700 that is located on the autoinhibitory αL-helix, attracted the Glu500 from
the αD-helix and caused misalignment of the Glu500 residue, one of the conserved residues
participating in ATP binding (Fig. 4a). The CTD RSK2 activation was hypothesized to occur
through the αL-helix displacement in the surface groove, which triggers the αD-helix reposition
and proper alignment of the Glu500 residue 20. Remarkably, the CTD MSK1 does not have a
corresponding positively charged residue on the αL-helix, and lacks the homologous lysine-
glutamate salt bridge (see sequence alignment in Fig. 4a). As a result, the Glu505MSK1 residue,
one of the conserved residues participating in ATP binding, can form a weak hydrogen bond
(3 Å) with the ATP ribose ring. The Oε1 and Oε2 atoms of Glu505MSK1 are shifted by 3.7 and
3.0 Å, respectively, compared to the corresponding atoms of the homologous Glu500RSK2.
The entire αD-helix of the active CTD MSK1 is shifted by 1.3 Å compared with the inactive
CTD RSK2 as was previously predicted for RSK2 activation.

The C-terminal αL-helix (residues 348-363) of the inactive MK2 forms extensive hydrogen
bonding contacts with the substrate-binding loop and plays an autoinhibitory role by mimicking
substrate binding 26. Notably, the C-terminal αL-helix of MK2 possesses the Lys353 residue,
which forms an ionic pair with Glu145MK2 from the αD-helix (Fig. 4b) similar to what was
observed in the inactive RSK2. The active C-terminal truncated MK2 (residues 45-371) has
the “autoinhibitory” αL-helix located at the same surface groove, but the helix lacks the network
of interactions with the substrate binding loop and the αF-helix that is present in the inactive
MK2. Due to an outward rotation of the αL-helix, the Lys353 of active MK2 is turned ∼90°
compared to that of the inactive protein, and does not form an ionic pair with Glu145, moving
away by 4 Å (Fig. 4c). The Glu505MSK1 residue conformation is similar to the Glu145MK2 in
the active MK2 and differs from the corresponding glutamic acid in both the inactive MK2
and RSK2.

Potential mechanism(s) for autoinhibition of the CTD MSK1
We attempted to convert the αL-helix of the CTD MSK1 to an autoinhibitory RSK2-like
fragment by mutation of key residues located in the helix. His712 was mutated to lysine to
create a Glu505-Lys712 salt bridge, and Phe719 was mutated to tyrosine to mimic
Tyr707RSK2. However, the single point mutants, H712K and F719Y, still exhibited
autophosphorylation activity comparable with the wild-type CTD MSK1 (Fig. 5a). Double
mutation also had no effect on autokinase activity (Fig. 5b). The fact that the αL-helix of the
CTD MSK1 cannot be converted to an autoinhibitory RSK2-like helix emphasizes a substantial
dissimilarity in the role of the αL-helix in the C-terminal kinase domains of MSK1 and RSK2.

Western blot analysis indicated that the CTD MSK1 is phosphorylated at Thr581 in the T-
activation loop (Supplementary Fig. S2), which could contribute to protein activity. Indeed, a
purified T581A mutant showed substantially impaired autokinase activity compared with the
wildtype CTD MSK1 (Fig. 5c). The disordered T-activation loop observed in several crystal
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structures of CTD fragments and the T581A mutant structure did not provide a definitive
explanation as to how phosphorylation of Thr581 might regulate protein activity. We were
interested in determining whether the deleted C-terminal end (residues 739-802), which
encloses the ERK/p38 docking site, might affect the activity of the isolated CTD MSK1. The
“full length” C-terminal domain of MSK1 (residues 414-802) possessed weaker
autophosphorylation activity (Fig. 5c) compared with a truncated fragment (residues 414-738),
which lacks the MAP kinase docking site. We performed surface plasmon resonance (SPR)
binding experiments and showed that the “full length” CTD MSK1 bound with ERK1 in a
dose-dependent manner with a KD of ∼ 70 nM (Fig. 6). However, the C-terminal end (residues
739-802)-deleted construct did not interact at all with ERK1 in vitro indicating that the αL-
helix is not involved in the interaction with ERK.

The extreme C-terminal end inhibited CTD MSK1 ex vivo kinase activity
To determine whether the single C-terminal kinase domain of MSK1 has catalytic activity ex
vivo, we performed a tumor promoter-induced cell transformation assay. Results indicated that
overexpression of CTD MSK1 (residues 414-738) in JB6 cells resulted in neoplastic
transformation in response to epidermal growth factor (EGF) or 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) stimulation in a manner similar to that induced by the full length
MSK1 protein (Fig. 7). On the other hand, the “full length” CTD MSK1 (residues 414-802)
suppressed colony formation as was previously observed for the N-terminal kinase-dead MSK1
mutant 16. This result indicates that in addition to functioning as the MAP kinase docking site,
the extreme C-terminal tail (residues 739-802) is involved in the inhibition of CTD MSK1
kinase activity. The ex vivo CTD MSK1 activity was consistent with its in vitro autokinase
activity.

Discussion
Our results show that even though the CTD MSK1 has its C-terminal αL-helix in the surface
groove in the same position as the corresponding helix in the autoinhibited CTD RSK2 and
MK2, the CTD MSK1 displayed autophophorylation activity and was able to bind AMP-PNP
in the crystals. Determination of the crystal structure of the CTD MSK1 provides us with the
opportunity to observe significant differences in the interactions of the C-terminal αL-helix
with the kinase domain compared to other kinases with similar structures. The autoinhibitory
αL-helix of the CTD RSK2 forms hydrogen bond with the kinase core resulting in a
misalignment of the conserved glutamic acid residue from the αD-helix that participates in
ATP binding 20. A corresponding αL-helix in the inactive MAP kinase-activated protein kinase
2 (MK2) forms extensive hydrogen bonding with the kinase domain and mimics substrate
binding 26. The crystal structure of the CTD MSK1 indicates that the C-terminal αL-helix does
not form hydrogen bonds with the substrate-binding loop or nearby helices. Notably, the C-
terminal αL-helix of MSK1 lacks the putative “inhibitory” residues responsible for the
interaction with the kinase core. Furthermore, site-directed mutations on the αL-helix could
not convert the CTD MSK1 to an autoinhibited state (i.e., CTD RSK2-like type) confirming
that the αL-helix is inherently non-autoinhibitory. In contrast to what has been reported 27, the
truncated MK2 does not become active because of a deletion of its “autoinhibitory” helix. The
crystal structure of the active MK2 29 revealed that its C-terminal αL-helix still occupies the
same “cradle” position in the surface groove; however, it lacks the hydrogen bond contacts
observed in the inactive state of MK2. Our results suggest that rather than the position of the
C-terminal helix itself, the network of interactions between the C-terminal extension and the
catalytic kinase domain is the major determinant of autoinhibition. Previously, we suggested
that the mechanism of activation for the autoinhibited CTD RSK2 involves a complex of
structural re-arrangements including a displacement of the αL-helix in the surface groove, and
a shift of the αD-helix with consequent re-alignment of Glu500 residue 20. Notably, the
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crystallized active CTD MSK1 exhibits the position of the corresponding Glu505 residue
toward ATP ribose ring and its αD-helix is shifted as was predicted for the activation of CTD
RSK2.

The surface plasmon resonance data directly confirmed an in vitro interaction of CTD MSK1
with the activator kinase, ERK1. The deletion of the extreme C-terminal tail (739-802 residues)
encompassing the MAP kinase docking site and nuclear localization signal completely
prevented the interaction with the upstream kinase, ERK1, indicating that the αL-helix is not
involved in the interaction with ERK. The CTD MSK1 and MAP kinase complex might be
different than that observed in the MK2/p38 complex structure 32,33. In that case, the
corresponding αL-helix is located at the interface of the two proteins and contributes more than
half of the buried surface area.

Cell transformation assay results indicate that the extreme C-terminal end (residues 739-802)
encompassing the MAP kinase docking site might contribute to CTD MSK1 activity. We
suggest that the complex formation of the CTD MSK1 with phosphorylating kinases occurs
through the MAP kinase docking site without the involvement of the αL-helix, and triggers
conformational changes analogous to an artificial deletion of the C-terminal tail resulting in
protein activation. Overall we have shown that the C-terminal αL-helix of CTD MSK1 does
not play a dominant role in autoinhibition in contrast to CTD RSK2, which is activated in an
αL-helix-mediated manner. The CTD MSK1 structure suggests that diverse mechanisms of
autoinhibition and activation might be adopted by members of this closely related protein
kinase family.

Materials and Methods
Expression and purification of soluble CTD MSK1 fragments

Eleven different constructs of CTD MSK1 comprising residues 398-802 were subcloned into
the NdeI/XhoI restriction sites of the pET-28a vector (Novagen) using full length human MSK1
(GenBank AF074393.1) as a template. The recombinant CTDs MSK1 were expressed in E.
coli BL21- Codon Plus (DE3)-RIPL competent cells (Stratagene). The cells were induced with
0.25 mM isopropyl-β-D-thiogalactopyranoside and then harvested after an additional 5 h of
growth at 25 °C. The cells were disrupted by French press (Thermo Electron Corp.) in buffer
(30 mM imidazole, 500 mM NaCl, 50 mM sodium phosphate, pH 8.0, 10% glycerol, 10 mM
β-mercaptoethanol). The soluble His-tagged CTD MSK1 proteins were purified on nickel-
nitrilotriacetic acid agarose (Ni-NTA; Qiagen) and eluted with an increasing imidazole step
gradient (100 and 250 mM). All fractions were loaded onto a HiLoad 16/60 Superdex-200
column (GE Healthcare). For most of the CTD constructs, size exclusion chromatography
showed a peak that corresponded to a dimer by elution time and was confirmed by SDS-PAGE
as a double band. Three constructs comprising residues 398-738, 414-738, and 414-750 eluted
from the gel-filtration column as a single peak with a shoulder. The peak position corresponded
to a dimer and showed a double band on SDS-PAGE. The shoulder fractions corresponded to
a monomer by elution time. The monomeric fractions of the shoulder confirmed by SDS-PAGE
as a single band were collected, concentrated and re-loaded onto a Superdex-200 gel-filtration
column and used for crystallization. Site-directed mutagenesis was performed using a
QuickChange® Lightning site-directed mutagenesis kit (Stratagene). Mutated proteins were
expressed and purified by a similar procedure and exhibited an equal yield and purity to
wildtype. Full length human ERK1 (Swiss-Prot P27361.4) was cloned into the pET-46 Ek/LIC
vector (Novagen). The His-tagged ERK1 was purified on Ni-NTA and treated with
enterokinase to remove the His-tag followed by size-exclusion chromatography on
Superdex-200. Purification of the CTD RSK2 (399-740 residues) was performed as described
previously 20.
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Crystallization and data collection
The monomeric fractions of the only three constructs mentioned above were found to produce
crystals. “Full length” CTD MSK1 (residues 414-802) did not produce crystals. The best
diffraction data were obtained for the CTD MSK1 construct encompassing residues 414-738.
The protein was concentrated to 10-20 mg/ml in buffer composed of 150 mM NaCl, 20 mM
Tris (pH 8.0), and 10 mM β-mercaptoethanol. The diluted protein (2.5-5 mg/ml) was mixed
with precipitant at a 1:1 ratio. The precipitant solution was composed of 20% PEG 3350, 0.1-0.2
M ammonium acetate, and 0.1 M Hepes (pH 7.5). The crystals were grown at 20 °C by the
sitting drop vapor diffusion method. Single and clusters of thin needle and thin plate-like
crystals appeared in 1 wk and were grown over the next 2-3 wks. The crystals were transferred
to a cryo-protectant solution (20% PEG 3350, 0.1-0.2 M ammonium acetate, 0.1 M Hepes pH
7.5, 20% ethylene glycol), and flash-cooled in liquid nitrogen. The full diffraction data sets
were collected from several portions of the thin plate-like crystals at the 24ID-E, 24ID-C
beamlines of the Advanced Photon Source (APS). The best data for the AMP-PNP complex
were obtained when the native crystals were soaked with 5 mM AMP-PNP and 5 mM
MgCl2 for 5 hours.

Structure determination
Data were processed using HKL2000 34 and molecular replacement was performed using
PHASER 35. The structure of the ligand-free C-terminal kinase domain of p90 ribosomal S6
kinase 2 (RSK2) (PDB code 2QR8) with all waters deleted was used as a search model for
CTD MSK1. The highest scoring solution placed a homodimer in the asymmetric unit that was
used as a starting model for re-building and structure refinement, which was initially performed
using PHENIX 36 (initial autorebuild), CNS 37 (torsional and cartesian simulated annealing),
and REFMAC (CCP4 suite, 38 in alternation with manual rebuilding using COOT 39. During
refinement, tight NCS restraints were maintained on the homodimer. For the CTD MSK1/
AMP-PNP complex, the apo form of CTD MSK1 was used to calculate phases. Difference
Fourier electron density maps revealed residual density within the active site consistent with
a bound AMP-PNP molecule. A model for the substrate was established using the PRODRG
server 40. Electron density maps were calculated with the CCP4 suite (FFT function). The final
models of the apo form and the CTD MSK1/AMP-PNP complex contained a homodimer
encompassing residues 415-729. Electron density corresponding to one molecule of AMP-PNP
was readily identified in each protein molecule. The magnesium cation was not visible in the
electron density map. Residues 555-558 and the T-activation loop (residues 575-596),
including the primary phosphorylation site Thr581 were disordered and not visible in either
the ligand-bound or apo form of CTD MSK1. A short segment, spanning residues 624-630,
was only visible in chain B (modeled as polyalanine in the apo CTD MSK1). The two molecules
in the asymmetric unit were very similar in both forms of CTD MSK1 (r.m.s.d. 0.44 Å for the
279 corresponding Cα atoms), with a slight movement of the C-lobe and a re-arrangement of
the loop comprising residues 669-675. We observed significantly higher B factors in the CTD
MSK1/AMP-PNP complex compared to the apo form (53.4 Å2 vs 27.8 Å2). This was most
likely due to more disordered areas and a somewhat lower crystal quality. In addition, the
complex protein, albeit being very similar to its ligand-free counterpart, contained more
flexible areas, particularly in the loop regions. The dimer interface and buried surface
calculations were performed using the program SPPIDER 41.

The CTD MSK1 crystal structures of the longer construct (residues 414-750, resolution 2.4 Å)
and the T581A mutant (resolution 2.2 Å) were determined using molecular replacement. Both
structures were highly isomorphous to the wildtype, with a maximum variation in unit cell axis
of less than 1%, but did not provide additional insight due to disordered regions at the C-
terminus (construct 414-750) and around the Thr581 residue (within the T activation loop).
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Structural figures and graphical rendering were made using PYMOL
(http://pymol.sourceforge.net).

Luminescent autophosphorylation assay
The Kinase-Glo® Luminescent Assay (Promega Corp.) was performed in a single well
(reaction volume of 50 μl) of a 96-well plate according to the manufacturer's instructions.
Twofold serial dilutions of the CTD fragments were made across the plate in kinase reaction
buffer (40 mM Tris, pH 7.5, 20 mM MgCl2, 0.1 mg/ml BSA, 0.1 μM ATP). The kinase reaction
was run for 45 min at room temperature and terminated by the addition of 50 μl of Kinase-
Glo® Reagent. The luminescence signal was recorded on the Luminoscan plate reader
(Labsystem) 10 min later. All experiments were reproduced several times.

Surface plasmon resonance experiments (SPR)
The ligand (His-tagged CTD MSK1; 15 ng) was immobilized on an NTA sensor chip and
equilibrated in HBS-P buffer that contained 150 mM NaCl, 10 mM Hepes pH 7.5, 50 μM
EDTA, and 0.01% P-20. An analyte (non-tagged ERK1) was passed through experimental and
reference cells at 30 μl/min at incrementally increased concentrations. The association was
monitored for 60 sec as an increase of response units. The experiments were performed using
the Biacore® X (GE Healthcare). The KD value was calculated using BIAevalation software
(GE Healthcare).

Stable cell lines and cell transformation assay
Full length MSK1 and two different CTD constructs (residues 414-738 and 414-802) were
cloned into the pcDNA4A vector and transfected into JB6 CI41 mouse epidermal skin cells.
Stable cell lines were selected in medium containing 600 μg/mL zeocin as described previously
16. Cells (8 × 103) were subjected to a soft agar assay in the presence of EGF (10 ng/ml) or
TPA (20 ng/ml) in 1 ml of 0.3% BME agar containing 10% FBS. The cultures were maintained
at 37 °C in a 5% CO2 atmosphere for 10-12 days and then colonies were counted using a
microscope and the Image-Pro PLUS (v.4) computer software program. The expression level
of MSK1 proteins was confirmed by Western blot analysis.

Western blot analysis
Samples of purified CTD MSK1 containing 0.2 or 0.4 μg of protein were resolved by SDS-
PAGE and transferred onto PVDF membranes. The membranes were incubated in blocking
buffer and hybridized with a specific antibody to detect phosphorylated Thr581 (Cell
Signaling). The Western blots were visualized using an enhanced chemiluminescence detection
system after hybridization with a horseradish peroxidase-conjugated secondary antibody.

Accession codes
Structure factors and coordinates of CTD MSK1 in apo form and in complex with AMP-PNP
have been deposited in the Protein Data Bank with PBD ID: 3KN6 and 3KN5, respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The kinase scaffold of the CTD MSK1
(A) A schematic diagram of the full length MSK1. MSK1 possesses two distinct protein kinase
domains that are sequentially activated by phosphorylation at multiple sites. The serine 360,
376, and 381 residues in the hydrophobic linker region are located within the conserved AGC-
kinase sequence. The arrow indicates the sites phosphorylated by CTD MSK1 and MAP
kinases. A ribbon diagram (B) and electrostatic surface (C) representation of CTD MSK1
(residues 414-738) are shown. The helices and strands are colored in blue and silver,
respectively. The C-terminal extension (i.e, the αK and αL-helices) is shown in red, the AMP-
PNP molecule is shown in sticks (pink), and the disordered T-loop is shown as a dotted line.
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Figure 2. A comparison of the structure of the CTD MSK1/AMP-PNP complex with the inactive
CTD RSK2 and inactive/active MK2
The CTD MSK1 structure is shown in blue. The AMP-PNP molecule in pink is depicted from
the CTD MSK1 structure. (A) The inactive CTD RSK2 (PBD code 2QR8) is shown in silver.
The two kinases display differences in the C-lobe. Note that the CTD MSK1 has a novel short
αK-helix and a longer αL-helix. The T-activation loop of the CTD MSK1 is disordered. (B)
The inactive MK2 (PDB code 1KWP) is shown in orange. The C-terminal coil of MK2
(residues 364-385) is not shown for clarity. MK2 and CTD MSK1 exhibit major differences
in the N-lobe, especially in the orientation of the phosphate-binding loop and the bottom region
of the C-lobe. In contrast to the corresponding MK2 helix, the C-terminal MSK1 αL-helix does
not form hydrogen bonds with the kinase C-lobe. (C) The active MK2 (PDB code 2P3G) is
shown in yellow. Among the available truncated MK2 structures in the active conformation,
only this structure showed the presence of an intact C-terminal helix (residues 350-359).
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Figure 3. The kinase luminescent autophosphorylation assay
CTD MSK1 autophosphorylation was assessed using a Kinase-Glo® Luminescent Assay as
described in Experimental Procedures. The luminescent signal is represented as Relative
Luminescence Units (RLU) and is inversely correlated with kinase activity. The CTD MSK1
(414-738 residues) autophosphorylation reaction was complete with as little as 1 μg protein/
well. The CTD RSK2 (399-740 residues) did not show any autophosphorylation activity up to
20 μg protein/well. The experiment was repeated at least 3 times with purified proteins from
separate preparations.
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Figure 4. An enlarged view of the αL/αD helix interaction (left) and the 3D-structure based
alignments of the C-terminal extension (right)
(A) In the autoinhibited CTD RSK2 (silver), the conserved Glu500RSK2 residue from the αD-
helix, which forms an ionic pair with Lys700 from the αL-helix, cannot turn toward the ATP
molecule. In the active CTD MSK1 (blue), the absence of a counterpart lysine residue on the
αL-helix allows repositioning of the Glu505MSK1 residue located on the αD-helix. The
glutamate side chain forms a hydrogen bond (dotted line) with the ribose ring. (B) In the inactive
MK2 (orange), the αL-helix has a Lys353MK2 residue, which forms an ionic pair with
Glu145MK2. Similarly, in the MK2/p38 inactive complex structures (PBD codes 2OZA,
2OKR), Lys353MK2 attracts a Glu145MK2 residue from the αD-helix. (C) In contrast, the
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Lys353 residue of the active MK2 (yellow) is turned outward from Glu145MK2 and does not
form an ionic pair. The AMP-PNP molecule is depicted from the CTD MSK1 structure and is
shown in sticks (pink in A, B, C).
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Figure 5. The kinase autophosphorylation assay for wildtype and CTD MSK1 mutants
(A) The single point mutants, H712K and F712Y, exhibited autophosphorylation activity
comparable to wildtype CTD MSK1. (B) The double mutant, H712K/F719Y, also had activity
that was similar to the wildtype protein. (C) The CTD MSK1 (residues 414-738), which lacks
the MAP kinase-docking site, had substantially higher activity compared with either the mutant
T581A or the “full length” CTD (residues 414-802) protein. The longer CTD fragment and the
T581A mutant had low residual activity and neither protein could complete the kinase reaction
even up to 10 μg protein. Each experiment was repeated at least 3 times and data are expressed
as Relative Luminescent Units (RLU).
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Figure 6. Surface plasmon resonance sensorgrams
His-tagged CTD MSK1 protein fragments were immobilized on an NTA sensor chip (GE
Healthcare) as described in Experimental Procedures. The analyte, untagged ERK1 protein,
was passed through the experimental and reference cells at 30 μl/min at incrementally increased
concentrations (23, 46, and 116 nM). The “full length” CTD MSK1 (residues 414-802)
association with ERK1, shown as increasing response units, and dissociation, shown as
decreasing response units, were monitored for 60 sec. The calculated KD was 74 ± 6 nM
(BIAevalation software, GE Healthcare). The CTD MSK1 containing a deleted MAP kinase-
docking site (residues 414-738) did not interact with ERK1 at any concentration.
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Figure 7. Overexpression of active CTD MSK1 induces neoplastic cell transformation when
stimulated with EGF or TPA
Results of an anchorage-independent soft agar assay showed that CTD MSK1 (residues
414-738) increased EGF- (A) or TPA (B)-induced neoplastic transformation of JB6 cells in a
manner similar to the wildtype MSK1 protein (FL). In contrast, the “full length” CTD MSK1
(residues 414-802) exhibited decreased cell transformation activity. The agar plates were
photographed (left panels) and the average colony numbers were calculated (right panels) from
3 separate plates. Data are expressed as means ± S.D. and the asterisk indicates a significant
decrease in colony formation (p < 0.05).
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Table 1
X-ray data collection and refinement statistics

Data Collection MSK (apo-) MSK/AMP-PNP

Wavelength (Å) 0.979 0.979

Space group P212121 P212121

Unit cell (Å) a=51.3 b=91.7, c=134.9 a=51.5 b=91.2, c=135.4

Resolution (Å) 2.0 2.5

Highest shell (Å) 2.15-2.0 2.70-2.50

Total observations 306,829 (23,896) 114,102 (8,154)

Unique reflections 43,534 (4,120) 23,120 (2,204)

I / σI 31.4 (3.1) 16.0 (2.8)

Rsym (%)† 9.1 (44.1) 11.8 (49.2)

Completeness (%) 99.4 (99.5) 96.3 (94.1)

Refinement

Resolution range (Å) 45-2.0 43-2.5

No. Reflections 43,443 20,472

Rfree/Rfactor (%)† 26/21 27/20

No. atoms:

Total 4,744 4,704

Protein 4,535 4,620

Solvent 209 84

Mean B values (Å2):

Protein 27.8 53.4

AMP-PNP - 68.9

Bond lengths (Å) 0.005 0.006

Bond angles (deg) 0.98 1.1

Ramachandran most favored positions 99% 99%

One crystal was used for the structure determination.

Highest resolution shell is shown in parenthesis.

Rfree was calculated from a randomly chosen 5% of reflections excluded from refinement

†
as defined in CCP4 38.
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